The application of ruthenium phthalocyanine complexes as sensitizing dyes in DSCs is explored. Four monomeric complexes are reported which vary in peripheral substitution and axial ligand anchoring groups. Sensitizing dyes containing two ruthenium centres are also presented. These dyads, which contain phthalocyanine and bipyridyl chromophores, were prepared using a protection/deprotection strategy that allows for convenient purification. DSCs fabricated using the phthalocyanine complexes and dyads were less efficient than those incorporating a standard DSC dye. However, based on the number of molecules bound to the TiO 2 electrode surfaces, several of the new complexes were more efficient at photocurrent generation. The results highlight the importance of molecular size, and thus the dye coverage of the electrode surface in the design of new sensitizing dyes.
Introduction
Dye-sensitized solar cells (DSCs) have been the focus of sustained research as alternatives to silicon-based photovoltaic devices. DSCs can be flexible and semi-transparent allowing them to be incorporated into building materials and other devices. Many aspects of DSCs have been investigated in order to improve their efficiency but a factor attracting significant attention is the sensitizing dye. 1, 2 Since the discovery of the landmark bis(bipyridyl)ruthenium sensitizing dyes cis- ) over a decade ago 3 only a handful of superior dyes have been prepared, and all of these have been polypyridyl ruthenium(II) species. [4] [5] [6] Research into new sensitizing dyes is increasingly focused on preparing compounds that can absorb photons with wavelengths of 600 -900 nm where the solar photon flux 7 is greatest within the visible region.
Ruthenium phthalocyanine complexes are attractive as sensitizing dyes as they possess intense and tunable absorptions in the region of ~650 nm, 8 as well as a reversible ring-based oxidation. 9 Several examples of PcRu-sensitized DSCs exist in which the dye is attached to the TiO 2 via axial ligands [10] [11] [12] or through anchoring groups on the macrocycle periphery. 13 Promising results were obtained with [{1, 4, 8, 11, 15, 18, 22, Pc}Ru(3,4-pyridinedicarboxylic acid)] which returned photocurrent yields of over 50% in the region 600 -700 nm. 10 Other metallophthalocyanines, in particular zinc complexes, [14] [15] [16] [17] have also been successfully used as sensitizers in DSCs.
One design strategy for improved dyes involves maximizing the distance between the positive "hole" created after electron injection and the TiO 2 surface, thus creating a long-lived charge separated state by reducing the rate of electron recombination. The result is a lowering of the titania quasi-Fermi level and a gain in the cell potential. 18 Sensitizers designed using this strategy can generally be classified as either acceptor-sensitizer or sensitizer-donor complexes (see Figure 1 ).
Acceptor-sensitizer complexes operate via stepwise electron injection. The first step is absorption of a photon by the sensitizer and the resulting excited electron may be transferred to the acceptor (process 1a). The reduced acceptor may then inject the electron into the TiO 2 conduction band (process 1b). Photocurrent may also be generated by remote electron injection from the sensitizer excited state directly into the TiO 2 conduction band (process 1c). In sensitizer-donor complexes the excited sensitizer electron is injected directly into the TiO 2 (process 2a). Transfer of an electron from the donor to the oxidized sensitizer returns the sensitizer to its ground state (process 2b), with the positive "hole" shifted away from the TiO 2 surface. bipyridyl)]ethane) were found to undergo remote electron injection and stepwise electron injection when utilized in DSCs. 19 Recombination was slower compared to a model mononuclear compound, and the poor photovoltaic performance was assigned to poor charge injection yields. Stepwise electron injection was also observed in a mixed-valence Co III /Fe II complex, however the low absorption coefficient of the complex lead to poor photovoltaic performance. 20 The first examples of donor-sensitizer complexes used in DSCs were [Ru(H 2 dcbpy) 2 (4-CH 3 , 4′-CH 2 -X-2,2′-bipyridine)]
2+
(X = phenothiazine derivatives). 21, 22 In these dyads the pendant phenothiazine acts as an electron donor, with hole transport away from the TiO 2 surface leading to longer lived charge separated states. The reduced recombination rates lead to an increase in cell potential. A similar result was obtained using bis(terpyridine) ruthenium complexes bearing triarylamine donor components. 18 Attachment of cyclodextrins to a tris(bipyridyl) ruthenium core lead to an improvement of all DSC performance measures. 23 Hole hopping was observed from the oxidized tris(bipyridyl) ruthenium core to the cyclodextrin component. Regeneration of the complex was facilitated by the ability of cyclodextrin to bind iodine and triiodide. The ruthenium dyads, 1a and 1b that incorporate bis(bipyridyl)ruthenium(II) and ruthenium phthalocyanine chromophores.
We have synthesized new ruthenium phthalocyanine-bipyridyl ruthenium dyads as sensitizers for DSCs. We report here on the photovoltaic performance of several ruthenium phthalocyanine sensitizing dyes including the new dyads that incorporate bis(bipyridyl)ruthenium(II) (BpyRu) and ruthenium phthalocyanine (PcRu) chromophores ( Figure 2 ). We sought to combine the excellent electron injection efficiency of BpyRu complexes with the intense light absorption of PcRu complexes. The complementary absorption spectra typically displayed by the two chromophores permits the use of most of the visible spectrum for photocurrent generation. The BpyRu-PcRu dyads presented in this work consist of two chromophores, each of which may act as an electron donor and acceptor. These complexes may therefore display dual modes of operation, functioning as both acceptor-sensitizer and sensitizer-donor complexes in DSCs. Importantly, we find that although the new dyads a capable of generating significant photocurrents, the number of these large molecules that adsorb to the DSC electrode surface severely limits the overall cell performance.
Results and Discussion
Synthesis. All of the sensitizing complexes prepared in this work contain carboxyl functional groups to anchor the dyes to TiO 2 electrode surfaces. A synthetic strategy using esters to protect the carboxyl groups during synthesis was adopted to enable rapid and effective purification of the dyes using silica gel column chromatography. 24, 25 The ester-protected complexes can be reacted with tetrabutylammonium (TBA) hydroxide to yield the desired TBA salts of the complexes, which are preferred to the fully protonated complexes as they offer greater solubility and have been shown to improve the performance of DSCs. The syntheses of the PcRu complexes 6 -9 is shown in Scheme 1. [{(t-Bu) 4 Pc}Ru(PhCN) 2 ], 4-tert-butylpyridine, dichloromethane, reflux, 3.5 h.
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The methods used to prepare the bis(bipyridyl)ruthenium complexes 10 -12 and dyads 1 and 13 are shown in Scheme 2. Acetolyl protecting groups were unstable under these reaction conditions and so an iso-butyl ester protected ligand, bis(2-methylpropyl)-2,2′-bipyridine-4,4′-dicarboxylate (iBu 2 dcbpy), was used. The branched-chain iso-butyl groups also imparted good solubility to the resultant complexes. Complex 10 was prepared in relatively low yield by adapting literature procedures [29] [30] [31] using butanol as solvent. Using DMF as solvent resulted in even lower yields, possibly due to hydrolysis of the ester groups by dimethylamine formed from decomposition of DMF. 32 We believe the low yields of 10 result from displacement of a chloro ligand in the product by the pendant pyridyl of the 2,2′:4′,4′′-terpyridine ligand. This type of reaction is known to proceed at temperatures lower than those used during the formation of 10. [33] [34] [35] In addition, significant quantities of the trans-isomer of 10 were isolated from the reaction mixture. In the synthesis of the axially unsymmetrically substituted phthalocyanine complexes, 13a and 13b, both axial ligands (i.e. 11 and 4-tert-butylpyridine) were added to [{(t-Bu) 4 Pc}Ru(PhCN) 2 ] at the same time and the reaction therefore resulted in a mixture of four complexes; the desired axially unsymmetrical complexes 13a and 13b together with two axially symmetrical complexes. Thus, the yields of 13a and 13b were relatively low. Importantly, the two isomers 13a and 13b could be separated, not only from the axially symmetrical complexes, but also from each other using silica gel column chromatography. De-esterification of 13a and 13b with TBAOH afforded the dyads 1a and 1b in excellent yields. 
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The electronic spectra of the dyads 13a, 13b, 1a, and 1b (see Figure 4 ) are dominated by the intense phthalocyanine absorption bands. Importantly, the Q-bands appear at 630 nm, the region of maximum solar photon flux. 7 The Soret bands of 13a and 13b appear at ~ 317 nm and have a very high molar extinction coefficient (ε max = ~143 000 M -1 cm -1 ) due to the underlying BpyRu centre, which also has an absorption band at 318 nm. In 1a and 1b the intensity of the Soret band decreases by ~14 000 M -1 cm -1 as the underlying BpyRu absorption band shifts to higher energy following deesterification; a similar shift is observed in the spectrum of 12.
Electrochemistry. The thermodynamics for the first oxidation and first reduction processes of sensitizing dyes are critical to DSC performance. Information about these processes was obtained using cyclic voltammetry. The cyclic voltammograms of the PcRu complexes 6 -9 show minor variation across the series which is attributed to the different phthalocyanine ring substituents. Each of these complexes displays one reduction and three oxidation processes (see Figure 5 and the Supporting Information The dyads 1a and 1b each display six oxidation and two reduction processes (see Figure 5 and the Supporting Information). Interestingly, the redox processes associated with 1b occur at potentials 10 Spectroelectrochemical experiments were used to further probe the electrochemical behavior of the phthalocyanine-containing dyes. Figures 6a and 6b show the spectroscopic changes that occur upon oxidation of complex 9. During the first oxidation ( Figure 6a ) the Q-band was replaced by a broad absorption at 544 nm and the Soret band diminished slightly in intensity. These changes are consistent with a one-electron oxidation of the phthalocyanine ring to yield the reasonably stable π-cation radical. 9, 45, 50, 51 During the second oxidation ( Figure 6b ) the band at 544 nm arising from the π-cation radical disappears and the Soret band weakens significantly while a broad absorption at 399 nm appears. These changes indicate that the second oxidation is also a macrocycle-based process and forms the [Pc 0 Ru II ] species. 9 Decomposition of the complex occurred during the third oxidation and so this process was unable to be investigated. During the reductive electrolysis of 12 ( Figure 7a ) the MLCT bands undergo hypsochromic shifts and decrease in intensity. The changes observed are analogous to those observed during the reduction of N3 at a platinum electrode, 46 and result from the redox-linked deprotonation of the carboxyl groups accompanied by evolution of molecular hydrogen. The site of reduction observed using this technique is different compared to CV due to the different working electrodes used (Pt vs glassy carbon). 46 Figure 7b shows the development of the absorption spectrum of 12 as the oxidation proceeded. The changes are analogous to those reported for the ruthenium-based oxidation of N3 in acetonitrile or ethanol. 48 The oxidation of N3 was reported to be solvent dependant and a clear consensus on the oxidation product identity is not apparent, 36,48,52 however the changes shown in Spectroelectrochemistry was useful in assigning the two almost overlapping reduction processes of the dyads. During the first reduction of 1b no major changes in the UV-vis spectrum were observed. This is consistent with electron addition to the dcbpy ligand of the BpyRu center noting that the absorption bands of the BpyRu moiety are obscured by the intense PcRu absorption bands. Figure 8b shows that at potentials beyond the second reduction of 1b the Q-band diminishes in intensity and a second Q-band appears at 553 nm. The Soret band also diminishes in intensity. These changes are consistent with a one-electron reduction of the phthalocyanine ring 9 and therefore the second reduction corresponds to the [Pc The number of surface-adsorbed sensitizing dye molecules on the TiO 2 electrodes of DSCs is an important factor in photocurrent generation and therefore overall cell performance although it is most often not reported in DSC characterization data. It has been generally estimated using UV-vis spectroscopy, 3, [55] [56] [57] [58] [59] although photoelectron spectroscopy 60 has also been used. We have developed a sensitive method to determine the amount of surface-adsorbed dye molecules using inductively coupled plasma mass-spectrometry (ICP MS). ICP MS has remarkably low detection limits;
concentrations in the range of ng/mL to mg/mL can be measured.
Sensitizing dyes were absorbed onto TiO 2 electrodes (identical to those used in DSC experiments), which were then thoroughly washed and dried. The TiO 2 / adsorbed dye component was removed and weighed. The dyes were desorbed from the TiO 2 surface following the procedure of Dabestani et al. 55 The addition of 1M tetramethylammonium hydroxide (TMAOH) in ethanol/water to the dye coated TiO 2 caused an immediate decolouration of the TiO 2 which was then left for two hours to ensure complete desorption. The concentration of 101 Ru (the most abundant isotope) in the resulting solution was measured using ICP MS. Surface adsorption data are presented in Table 2 . 
The phthalocyanine dyes 6 -9 generally exhibited low coverage. Inclusion of peripheral tert-butyl groups on the macrocycle lead to a 1.7-fold decrease in surface density compared to the unsubstituted analogues. Surprisingly, complexes bearing 3,4-pyridinedicarboxylic acid axial ligands showed approximately twice the density of complexes with 4-pyridinecarboxylic acid ligands. It is apparent that while the PcRu-containing complexes absorb significantly more light than the BpyRu complexes, they are more bulky and far fewer molecules are absorbed on a given area of TiO 2 surface.
DSC performance. Table 2 together with the maximum power output (P max ), the fill factor (FF), efficiency (η) and dye coverage. The DSCs and conditions used for testing allowed for ranking of various aspects of cell performance however the overall DSC efficiencies
were not optimized in this study. N719-sensitized DSCs performed significantly better than those prepared with the other sensitizing dyes. DSCs prepared using the monomeric phthalocyanine dyes 6 -9 performed the poorest of the series. Inclusion of tert-butyl groups on the macrocycle periphery had an insignificant effect on cell performance. The use of 3,4-pyridinedicarboxylic acid as the anchoring ligand caused a three-to six-fold increase in V oc and P max ; a trend previously noted for PcRu-based DSCs. 12 The superior performance of the 12-sensitized DSCs compared to those sensitized with 1a and 1b
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indicates that inclusion of the metallophthalocyanine unit has a detrimental overall effect. While 1a and 1b gave indistinguishable V oc data, 1b yielded higher J sc and P max values.
The photovoltage of a DSC is related to the difference between the Fermi level of the TiO 2 under illumination and the redox potential of the mediating redox couple. 61 Sensitizing dyes in the series that contain PcRu units yielded lower V oc 's than the complexes containing only a BpyRu center, a pattern which is consistent with previous reports of PcRu-based DSCs using an iodine/iodide redox mediator. 11-13 The decrease in V oc has been attributed to an increase in the electron/electrolyte recombination rate catalyzed by the macrocycle. 12 The dark current characteristics of these cells (see Figure 9 ) show that the PcRu-based dyes accelerate recombination. The onset of the dark current, which corresponds to the transfer of electrons from the TiO 2 to I 2 (the recombination reaction), occurs at lower voltages where PcRu centers are present. Inclusion of the PcRu chromophores in the dyads failed to promote an increase in V oc compared to that of 12 suggesting that if hole hopping and/or stepwise injection were occurring, any gain in V oc was negated by PcRu-catalyzed recombination. The use of 4-tert-butylpyridine to suppress recombination was explored in cells sensitized with 9 and 1b. In both cases substantial increases in V oc were achieved, however an accompanying decrease in cell current was observed and the overall power output of the cells decreased.
Despite the strong visible light absorption properties of the PcRu dyes at ~650 nm that make this class of complex appealing for DSC applications, low J sc 's were obtained using 6 -9. Complexes 7 and 9, which contained 3,4-pyridinedicarboxylic acid as an anchoring ligand, gave superior photocurrent yields. This finding is consistent with other PcRu dyes bearing 4-and 3,4-pyridinedicarboxylic acid anchoring groups. [10] [11] [12] The increase in J sc may at least in part be attributed to the higher surface density of dye afforded by using 3,4-pyridinedicarboxylic acid. The magnitude of the difference in J sc also suggests that poor charge injection efficiency plays a role in the low current outputs of 6 and 8.
Ranking the sensitizing dyes according to photocurrent generation per molecule (by dividing J sc by the number of surface-adsorbed molecules) reveals that the dyads are superior photocurrent generators than N719, and that 9 is the most efficient dye. Inclusion of tert-butyl substituents on the phthalocyanine ring had little effect on cell performance, however 8 and 9 were significantly better at current generation per molecule than 6 or 7. This may be due to the ~ 100 mV negative shift in the first ring based oxidation caused by the peripheral tert-butyl groups, or the prevention of aggregation. The dyads performed better on a per molecule basis than 12, suggesting that inclusion of the phthalocyanine chromophore, while detrimental to overall cell performance, did improve the ability of the molecule to generate current. 1b, which showed a 20% improvement in the number of molecules absorbed to the TiO 2 surface compared to 1a, had an 18% increase in J sc .
These results highlight the importance of an often unreported aspect in sensitizing dye design, that of molecular size and thus dye coverage of electrode surfaces. Supramolecular systems and macromolecules can offer many attractive properties compared to smaller sensitizing dyes but the concurrent decrease in dye coverage may negate the positive effects. Also, a sensitive method for measuring the number of surface-adsorbed dye molecules has been developed that utilizes ICP MS to determine the amount of dye desorbed from TiO 2 electrodes. With the common use of carboxyl anchoring groups, the method should be widely applicable for the measurement of dye coverage on electrode surfaces for many metal-based dyes used in DSCs.
Conclusions

Experimental Section
Physical measurements. 1 H NMR spectra were recorded using a BVT 3000 Bruker Spectrospin instrument operating at 300.13 MHz. Spectra are referenced internally to residual protic solvent We note that difficulty in obtaining analyses agreeing to within 0.4% was encountered for several of the phthalocyanine-containing complexes, which may be due to incomplete combustion of the very were prepared by literature procedures.
2,2′:4′,4′′-Terpyridine was prepared by literature procedure 66 and purified using Zn(NO 3 ) 2 . 67 The following were purchased commercially and used as received; ammonium thiocyanate (Ajax), tetra- The same procedure was used to prepare 7 and 9 from the corresponding acetol-protected precursors. The preparation of 9 is given as an example. 5 (41 mg, 0.029 mmol) was dissolved in 1 M tetra-n-butylammonium hydroxide solution (5 mL) and stirred at room temperature for 20 minutes. The solvent was then removed in vacuo leaving a liquid residue which was dissolved in water (10 mL). The pH of the solution was adjusted to 6.3 using 0.1 M nitric acid, at which point precipitation occurred. The suspension was left in a refrigerator at -3 °C overnight, then the solid collected by filtration. 44 mg of 9 (90 %) was collected as a blue powder. Dye coverage measurements. Dye coated TiO 2 electrodes were prepared and washed as described above. To ensure complete removal of unabsorbed dye molecules from the TiO 2 the electrodes were immersed in 3-methoxypropionitrile for two minutes, then rinsed again with ethanol and dried thoroughly under a stream of nitrogen. The dye coated TiO 2 was then scraped off the electrodes and weighed into polypropylene vials. 1 mL of a 1M tetramethylammonium hydroxide solution (ethanol/water, 7:3) was added, and desorption was allowed to occur for two hours. The solutions were diluted to a known mass (~5g) using ethanol/water (7:3), and centrifuged at 4000 rpm for three minutes. The ICP-MS conditions were optimized on a 1ppb tune solution in ethanol/water 
